configuration. In order to examine the performance quantitatively, the indoor airflow rate, supply and extract rates, external airflow and pressure coefficients were also measured. The CFD simulations were generally in good agreement (0 -20 %) with the wind tunnel measurements. Moreover, the smoke visualisation test showed the capability of CFD in replicating the air flow distribution inside the wind tower and also the test room.
Introduction
In addition to electricity usage, buildings are also responsible for almost 40 % of the world's greenhouse gas emissions [1] . Space Heating, Ventilation and Air-conditioning (HVAC)
represent the largest end use in buildings, accounting for almost two-thirds of the total energy use [2] . This signifies a major opportunity for reducing the energy consumption and greenhouse gas emissions. In recent years, natural ventilation techniques such as wind towers are increasingly being employed in new buildings for increasing the fresh air rates and reducing the energy consumption [3, 4] . Due to the increasing emphasis on using wind towers as natural ventilation technologies, there is constant scope for accurately analysing their performance in relation to external climates.
Wind towers were utilised in buildings in the Middle East for many centuries and their commercialisation has increased over the years [5, 6] . A wind tower is divided into quadrants, which allow fresh air to enter as well as stale (used) air to escape irrespective of the prevailing wind direction [7, 8] . There are two driving forces for the wind tower ( Figure   1 ). The primary force provides fresh air driven by the positive air pressure on the wind-ward side, exhausting stale air with the assistance of the suction pressure on the leeward side. The secondary force is temperature driven where the density of air is less causing layers of air to be stacked.
Figure 1 Flow diagram representing ventilation through a commercial wind tower device.
A number of studies [8, 9, 10] have assessed the ventilation performance of commercial wind towers using theoretical modelling. Elmualim [9] used mathematical equations proposed by BS5925:1991 for the performance analysis of a wind tower ventilation system. The mathematical equations were evaluated against experimental testing in a room in the building of School of Construction Management and Engineering, University of Reading in the UK.
The wind tower was also evaluated against the use of a standard operable window with an equivalent opening area. The work concluded that the chosen ventilation design provided a substantially greater ventilation rate than an equivalent area of operable window. However, the results of the experimental testing showed the mathematical formula consistently overestimated the ventilation rate.
Later, an alternative semi-empirical approach was proposed by Jones and Kirby [8] in which a comprehensive theoretical model was coupled with experimental data to quantify the flow rates induced by a similar wind tower device. Included in the model were the effect of variations in wind speed and direction and the treatment of sealed and unsealed rooms. The semi-empirical model performed well against a range of CFD models [4, 11] and Elmualim's experimental data [9, 10] , although this required certain assumptions about the wind direction. The authors concluded that developed model was the only practical approach to quickly and accurately estimate the wind tower performance. However, any error present in the experimental measurements will also appear in the theoretical model and so the accuracy of such model depends primarily on the available experimental data. Accordingly, there is a Elmualim [12] studied the effect of volume control dampers and diffusers on the performance of a commercial wind tower using CFD modeling and experimental testing. Due to the size of the wind tower (1.5 m x 0.5 m), the experimental investigation was carried out in an open test section (2 x 2 m) wind tunnel as shown in Figure 2a . Clearly, the wind tower is nearly as large (in terms of height) as the test section opening, producing a blockage ratio of roughly 19 %. Additionally, variation of the velocity and temperature in the laboratory can also affect the simulated wind tunnel conditions since an open section was used. The study showed that the simulated wind profile was not fully uniform and was only relatively maintained around the louvers. A potential solution to this was to scale down the wind tower so it can fit inside the test section and ensure that the blockage ratio is small enough (less than 5 %) that the errors introduced are small and no corrections are required. This method was employed in the current research work.
The results showed that the damper and diffuser open test section wind tunnel and (b) cone flow meter and blower fan method [10, 14] .
A similar experimental method was employed in [9, 10] to validate the CFD predictions of the ventilation rates of a square wind tower. Hughes and Ghani [11] also investigated the effect of control dampers on the wind tower performance using CFD, validated with the experimental results of Elmualim [9, 10] . Although the wind towers were of different size the results were normalized for comparison purposes. Errors between the CFD results and experimental data were in the range of 0 -30 %. Recently Liu et al. [4] evaluated the wind tower performance with different number of louvers and louver lengths using CFD. The work also focused on the analysing the indoor airflow patterns, apart from the effects of reconfiguring the system. The study revealed that numerous works have investigated the effects of different configurations and components on the performance of the wind tower but only a few have investigated the internal conditions of rooms adopting the device.
The wind tower CFD results were validated against Elmualim's data [12] and good correlation was observed, although the numerical calculation domain in their CFD analysis did not accurately represent the experimental situation because an outdoor far field wind was considered instead of an open section wind tunnel. Since there was no experimental data available on indoor air flows supplied by commercial wind towers, the CFD modeling of the air flow pattern inside the room was validated against the findings of a displacement ventilation experiment conducted by Chen and Srebric [13] . The present study addresses this by providing a detailed CFD-wind tunnel analysis of the indoor air flow.
To this end, Su et al. [14] evaluated the flow rate supplied by a commercial wind tower using a measurement system which included a cone flow meter and blower fan as shown in Figure   2b , this approach was similar to the method used by Elmualim [12] . The measured data was compared with CFD results, and a good agreement between two methods has been achieved.
This was expected, as the CFD domain was modeled to accurately represent the experimental situation. Furthermore, CFD modelling of the wind tower was carried out to create the conditions similar to the situation of outdoor far field wind. The work concluded that the CFD modelling results were quite different between the situation of a blower fan and outdoor wind. The calculated extract flow rate of the wind tower in a far field wind was approximately double that for the situation using a blower fan.
A few studies have also used a CFD-wind tunnel methodology in predicting indoor airflows.
Lo et al. [29] 
CFD method
The basic assumptions for the CFD simulation include a three-dimensional, fully turbulent, and incompressible flow. The internal and external flow was modeled by using the standard k-epsilon turbulence model. This technique is well established in the field of natural ventilation research [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The CFD code used the Finite Volume Method (FVM) approach and employed the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) velocity-pressure coupling algorithm with the second order upwind discretisation as suggested in the literature [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The governing equations will not be repeated here but are available in [16] .
The CFD analysis was carried out using the ANSYS 12.1 Fluent software. A flow domain representation of the physical geometry of the wind tower design under investigation is shown in Figure 3a . The macro-climate with the height, width, and length of 5, 5, and 10 m was created to simulate the external wind velocity. Furthermore, the wind tower system was incorporated to a test room (micro climate) with the height, width, and length of 3, 5, and 5 m representing a small classroom of 15 people [17, 18] .
Mesh generation
The accuracy of the results achieved from the CFD modeling is highly dependent on the quality of the mesh, which equally have implications on the convergence of the model [19, 20] . A non-uniform mesh was applied to the entire computational model. The mesh arrangement consisted of 4,045,896 hybrid non-uniform mesh elements. The generated computational mesh of the wind tower and test room model are shown in Figure 3b . were set for the complex geometry face elements to generate a finely resolved mesh normal to the wall and coarse parallel to it. The two-dimensional face elements at the selected wall or boundaries were inflated into 3D prism elements which resolved the boundary layer properly at relatively less computational cost [21] .
Microclimate

Macroclimate
Inlet Outlet
Grid sensitivity analysis was used to validate the programming and computational operation of the computational model. The numerical grid was refined and locally enriched using the hp-method grid adaptation technique [19, 22] . The grid was evaluated and refined (mesh sizes ranging from 1,622,108 to 7,149,235 elements) until the posterior estimate error becomes insignificant between the number of nodes and elements, computational iterations and the posterior error indicator. The maximum error for the average velocity was 4.38 %.
The discretization error was found to be the lowest at over 7 million cells for the indicated variable. The applied boundary conditions were kept constant throughout the simulation process to ascertain precise comparison of the posterior error estimate. Table 1 . generally not possible for wind tunnel model testing of building and structures, even in the largest, high speed and most expensive wind tunnels [4] . However, the equality of model and full-scale Reynolds number, based on the mean wind speed and a characteristic dimensions of the structure, is not necessaary for sharp edged structure, provided that the model Reynolds number is not less than 10,000 [24] . The flow separation points are fixed at these sharp corner location regardless of Reynolds number, so that wind responses tends to be less sensitive to
Boundary conditions
Reynolds number. Geometric similarity of model was achieved by equally scaling down the relevant dimensions of the wind tower model and test room by the appropriate factor [26] .
One of the main objective of this work was to present a fully validated CFD-scaled wind tunnel methodology. Therefore it was ensured that the conditions simulated in the CFD was exactly the same as in the wind tunnel test section. Due to the limitations of the experimental setup, the effect of the atmospheric boundary layer on the ventilation performance was not investigated in the study.
The wind tower and test room model
The creation of an accurate scaled wind tunnel prototype was essential for the experimental study. The wind tower geometry features a variety of unconventional and complex parts such as the external louvers, cross-dividers and top hat. Therefore the wind tunnel model was constructed using rapid prototyping and three dimensional computer aided design (CAD) data. Furthermore, 3D prototyping makes it possible to easily embed equipment into the model such as pressure measurement devices. Figure 5 shows the 3D printed 1:10 multidirectional wind tower scale model design. using the hot-wire anemometer, a total of 14 openings were created across the front and side walls of the test room.
Experimental set-up and measurement procedures
Indoor airflow distribution
In this study the airflow inside the test room model was measured using a hot-wire anemometer. Hot-wire anemometers have been used extensively in wind tunnel experiments over several decades. The measurement technique relies on electrically heating a thin wire or foil which is then cooled by the flow of air. The cooling rate is thus related to the wind speed.
Furthermore, hot-wire anemometers are sensitive to very small internal velocities, which were present during the investigation. Nine data points in an equally spaced 3 by 3 grid were created within the test room at a height of 1.5 m which allow for measurements to be made for velocity within the test room ( Figure 6 ). Additionally, three data points were positioned at the bottom of the room (central), below the supply and exhaust channels of the wind towers. 
Volumetric flow supply rate
The induced airflow into the test room was measured using the hot wire anemometer positioned below the channels of the wind tower device ( Figure 6 ). The cross-sectional area of the wind tower channel was divided into several portions and the airflow rate through it was calculated as follows:
Equation 1 Figure 7 shows the location of the points inside the channel quadrants at a height of 0.27 m from the test room floor. The tests were carried out at various wind angles (0 -90˚).
Figure 7
Section view of the wind tower supply and exhausts channels showing the location of the measurement points.
External airflow measurement
The velocity of the airflow around the wind tower model was also measured using the hotwire anemometer ( 
Pressure coefficients
The pressure measurements were referred to the upstream dynamic pressure using the reference velocity in the test section in the case of a uniform wind flow. The air pressure coefficient C p was calculated using the following equation [5] :
The model was fitted with 15 pressure taps located inside the model (Figure 8) . The reference velocity, static and dynamic pressure were monitored using the pitot-static tubes mounted above the wind tower model. The uncertainties associated with the pressure readings (DPM ST650 with the 166T ellipsoidal Pitot-static tubes) were estimated to be 1.0 % of reading at 22˚C. The valid angle range for the pitot -static tube calibration was within the range of 11˚.
Figure 8 Pressure tap locations and dimensions
The surface pressure was transmitted to a Scanivalve digital pressure transducer, a sixteen channel DSA3217 digital sensor array, through the 0.0016 m outside diameter tubulations.
The unit contains a 16 bit A/D converter and it communicates data to DSAlink3 via Ethernet connection. The data was acquired at a sampling rate of 1000 samples/sec. For each pressure tap, 5 records of the pressure data, each comprising of 1,000 data points was acquired.
Flow visualisation
In order to recognise the flow pattern in and around the wind tower model, smoke visualisation tests were also carried out. The tests were conducted in the uniform flow wind tunnel at various wind angles (0 -90˚). Figure 9 shows the smoke visualisation test setup in the test section.
Figure 9
Wind tunnel smoke visualisation set-up.
The model was exposed to a free stream air velocity of 3 m/s to obtain smoke of a sufficiently high concentration. The experimental flow visualisation also helped to identify the supply and extract segments during all tests. 
Results and Discussion
CFD Results
Overall airflow distribution
CFD results summary
The simulation models were tested for varying wind speeds (0.5 m/s -5 m/s). The supply rates (diffuser), indoor velocity and static pressure readings were taken from the weightedaverage value at the diffuser surface ( Figure 7 ) and indoor points ( Figure 6 ). The results for the simulations are summarised in Table 4 . Building Regulations suggests that a minimum air supply rate per occupant of 10 L/s per occupant [27] is required for a small classroom of 15 people [17] . The wind tower does not meet this recommendation for an external wind velocity of 1 m/s and below; however, the system surpasses the recommendation exponentially as the external velocity increases (2 m/s and above) as shown in Table 3 . 12) shows that the CFD model was capable of predicting the airflow inside the test room. The average error across the points was measured at 9 %. Using a similar justification as recommended in [27] it was claimed that the validation of the CFD modelling study was acceptable. % for all points except for point 6 which was located at the exhaust quadrant. Average error across the points was 8.6 %. Using a similar justification as recommended in [27] it was claimed that the validation of the CFD modelling study was acceptable. the test section and spread outwards in all directions. As the airflow hits the bottom surface the air slows down and flows through the side walls, with some of the air escaping through the exhaust quadrant of the wind tower which was at a lower air pressure. It was also observed that some of the air entering through the supply quadrant was immediately leaving through the exhaust without flowing inside the test room (small short circuiting). In Video 1 the air short circuiting effect can be observed at 00:04. A region of highly recirculating flow was seen immediately at the downstream of the wind tower. (Figure 17b and 17c) . It was observed that at 0˚ angle, a large volume of the wind tower was used for extract purposes (three of the four quadrants). While the tower oriented at 45° into the prevailing wind had a larger area available to capture the wind. In this case, two windward quadrants were used for air flowing into the tower and two leeward quadrants for the air flowing out of the tower. A developing region of vortices was observed inside the windward quadrants at wind angles of 30˚ and 60˚ which reduced the induced operation of the wind tower. A similar flow pattern was observed in the experimental test.
Therefore, the CFD flow simulation was considered validated. 
Shortcircuiting
Conclusions
In this study, CFD and scaled wind tunnel experimentation have been used to investigate the natural ventilation performance of a commercial multi-directional wind tower. The CFD code was used to evaluate the airflow in and around the wind tower to the test room which represents a small classroom. A geometrical representation of the wind tunnel test set-up was recreated in the CFD simulation. Care was taken to generate a high-quality grid, specify consistent boundary conditions and compare the CFD simulation results with detailed wind tunnel measurements.
In order to have a valid comparison, the indoor and external airflow, supply rates, and pressure coefficients were calculated at points of the same positions used in the experimental test. A reduced-scale model (1:10) of the test room with a commercial multi-directional wind tower was constructed and placed in the closed-loop wind tunnel. Rigorous efforts were made to model the complex components of the wind tower. The tests were conducted at various Results have shown that multi-directional wind tower device was capable of supplying the recommended supply rates (10 L/s per occupant) for small classroom of 15 people at external wind speeds as low as 2 m/s for the considered test configuration. The CFD results for the indoor air pressure showed that the room was generally under negative pressure (external wind speed above 0.5 m/s) which indicated that less air was supplied to the room than exhausted which was the case for the multi-directional wind tower at 0˚ angle; there are three exhaust quadrants and only one supply quadrant.
The effect of different incident wind angles on the ventilation rates was also investigated. It was found that for a commercial multi-directional wind tower, the maximum efficiency was achieved at the angle of 45˚. At this wind angle, a net volumetric flow rate of 0.47 m 3 /s (3 m/s external wind) was achieved through the combined supply quadrants, which was 32 % higher than the one at the angle of 0˚
